Superhydrophobic melamine sponge prepared by radiation-induced grafting technology for 
efficient oil-water separation 
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This paper presents a superhydrophobic melamine (ME) sponge (ME-g-PLMA) prepared via high-energy 
radiation-induced in-situ covalent grafting of long-alkyl-chain dodecyl methacrylate (LMA) onto an ME sponge 
for efficient oil-water separation. The obtained ME-g-PLMA sponge had an excellent pore structure with super- 
hydrophobic (water contact angle of 154°) and superoleophilic properties. It can absorb various types of oils up 
to 66-168 times its mass. The ME-g-PLMA sponge can continuously separate oil slicks in water by connecting 
a pump or separating oil underwater with a gravity-driven device. In addition, it maintained its highly hydropho- 
bic properties even after long-term immersion in different corrosive solutions and repeated oil adsorption. The 
modified ME-g-PLMA sponge exhibited excellent separation properties and potential for oil spill cleanup. 
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I. INTRODUCTION 


In recent years, the health of water resources and marine 
ecosystems has been seriously threatened by the continuous 
occurrence of oil spills worldwide, such as the oil spill in 
the Gulf of Mexico in 2010[1] and ship collisions in the 
East China Sea in 2018[2]. These accidents have had a sig- 
nificant impact on water resources and marine ecosystems, 
as well as on the economy and human health in coastal ar- 
eas, and have created many hidden dangers to normal life[3]. 
Therefore, solving the problem of oil-water separation is cru- 
cial for environmental protection and sustainable develop- 
ment. Traditional oil-water separation methods include phys- 
ical (e.g., gravity separation, centrifugal separation, and fil- 
tration) and chemical (e.g., precipitation, dissolution, and ad- 
sorption) methods. However, these methods have limitations, 
such as low treatment efficiency, high energy consumption, 
high treatment costs, and secondary environmental pollution. 
Therefore, it is crucial to find an efficient, low-cost, and 
reusable material for oil-water separation[4]. 

To overcome the limitations of conventional methods, re- 
searchers have developed many materials such as gels[5, 6], 
fibers[7], foam[8], membranes [9—12], steel meshes [13] and 
sponges[14—16] for oil-water separation. These materials 
have large specific surface areas and pore structures with 
lipophilic or hydrophilic properties, which can accurately re- 
alize oil-water separation. Commercial sponges are widely 
recognized as ideal adsorbents owing to their low cost, low 
density, high porosity, and excellent elastic properties[17— 
19]. Commercial sponges such as polyurethane typically 
exhibit low hydrophobicity, making it difficult to separate 
oil from water effectively. In contrast, the melamine and 
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polyvinyl alcohol sponges exhibit hydrophilicity, making it 
easier to adsorb water molecules. These properties limit the 
ability of commercial sponges to separate oil and water selec- 
tively during oil—water separation. Therefore, the modifica- 
tion of commercial sponges to enhance their hydrophobicity 
is essential for the selective adsorption of oil and water. 


Currently, the commonly used modification methods are 
generally drop coating[20], dip coating[21, 22], and chemi- 
cal vapor deposition (CVD) [23] to prepare superhydrophobic 
sponges. Zhang et al. surface-modified a loofah sponge (LS) 
by chemical vapor deposition (CVD) of hydrophobic methyl- 
trichlorosilane (MTCS). A novel oil-absorbing hydrophobic 
MTCS-coated loofah sponge (MTCS-LS) was successfully 
prepared[24]. Wu et al. prepared a TiO2-PVA sponge by 
cross-linking 7%O 2 nanoparticles with H3BO3 and KH550, 
followed by chemical modification with 1H,1H,2H,2H- 
perfluorodecyltrichlorosilane. The 7'’%O 2 nanoparticles are 
firmly anchored to the surface of the pristine PVA sponge 
backbone[25]. Li et al. prepared a magnetic superhydropho- 
bic melamine sponge by depositing hydrophobic magnetic 
nanoparticles (MNPs), synthesized by a simple drop-coating 
method, onto a melamine sponge[17]. However, these meth- 
ods typically result in noncovalent bonding between the coat- 
ing and sponge surfaces. This type of coating is less stable 
and more susceptible to environmental and usage conditions, 
making it unsuitable for reuse in oil-water separation appli- 
cations. In contrast, radiation grafting has many advantages 
for constructing superhydrophobic surfaces[26—31]. First, 
the synthesis conditions of the irradiation grafting method 
are relatively simple, requiring only the modifier to be dis- 
solved in a suitable solvent and then irradiated with commer- 
cial sponges. This method is simple to execute, does not re- 
quire complex reaction conditions, can be carried out at room 
temperature, and is suitable for large-scale production[32]. 
Irradiation grafting is a versatile technique that can be ap- 
plied to various commercial sponges. This technology uses 
a radiation source, such as ultraviolet or gamma rays, to in- 


duce grafting reactions on surface molecules. This results in 
the formation of long-chain molecules with branched struc- 
tures, creating a superhydrophobic surface that is highly de- 
sirable for many applications. Radiation-induced grafting is 
a simple method that can achieve superhydrophobicity by in- 
hibiting contact between the liquid and solid. This method 
has previously been employed to graft textiles and increase 
their hydrophobicity. For example, Gao et al. grafted 7- 
methacryloyloxypropyltrimethoxysilane (MAPS) onto a cot- 
ton fabric (Co-g-PMAPS) via radiation-induced graft poly- 
merization and successfully prepared a novel nonfluorinated 
organic-inorganic hybrid superhydrophobic cotton fabric[33]. 
Taibi et al. employed a one-step radiation-induced copoly- 
merization method to graft linen fabrics with phosphonated 
and fluorinated polymer chains using (meth) methacrylic 
acid monomers, resulting in modified fabrics with excel- 
lent hydrophobicity[34]. Thinkohkaew et al. grafted 2,2,2- 
trifluoroethyl methacrylate (TFEM) onto polypropylene (PP)- 
spin-bonded nonwovens using gamma irradiation to improve 
their hydrophobicity[35]. 

A commercial ME sponge was used as the substrate. We 
then grafted dodecyl methacrylate (LMA) with long alkyl 
chains onto a sponge substrate using y-ray radiation. This 
process endowed the sponge with superhydrophobic proper- 
ties due to the covalent bonds between the sponge and dode- 
cyl methacrylate. These bonds also increased the hydropho- 
bic stabilization properties of the sponge. In addition, this 
process had a minimal impact on the pore size of the sponge. 
The sponge can absorb organic solvents up to 67-168 times its 
weight while maintaining a water contact angle of 149° even 
after 10 reuses. This indicates that it has excellent recycling 
capabilities and significant potential in oil-water separation. 


I. EXPERIMENTAL SECTION 


2.1 Materials. 
Dodecyl methacrylate (LMA), methanol, ethyl ac- 
etate, anhydrous ethanol, CuwSO,-5H2O, kerosene, 


dichloromethane, carbon tetrachloride, cyclohexane, and 
n-hexane were purchased from Sinopharm Chemical Reagent 
Co. Melamine sponges were purchased from Alibaba, 
and cooking oil and olive oil were purchased from local 
supermarkets. 

2.2 Preparation process of ME-g-PLMA sponge. 

This study chose dodecyl methacrylate with long alkyl 
chains as the monomer for the co-irradiated grafting polymer- 
ization reaction with the ME sponge in a methanol solution. 

The experimental steps were as follows: The ME sponges 
were washed with ethyl acetate in an ultrasonic cleaner 
(KQ2200E) for 20 minutes. Then, the sponges were dried 
in an electric blast drying oven (DHG-9023A) at 60°C 
for 24 hours to ensure complete dryness. The melamine 
sponges were then removed for subsequent processing. 0.6 
mL LMA was dissolved in 20 mL of methanol solution to 
prepare the dodecyl methacrylate solution. Subsequently, 
CuSO,-5H2O (0.0036 g) was added to the solution and 
stirred until it became homogeneous. Rectangular blocks (ap- 


proximately 0.09 g) measuring 2 x 2 x 3 cm were cut from 
the cleaned ME sponges. The sponges were fully immersed 
in the solution, and the bottles were immediately capped after 
passing nitrogen gas. Finally, the bottles were sealed with a 
plastic tape. The ME sponge bottle underwent an irradiation 
reaction in the 60Co irradiation room of the Shanghai Shi- 
long Company. The total absorbed dose was 30 kGy, and the 
irradiation time was 17 h. After irradiation, the samples were 
removed. To eliminate the oligomers formed by the modified 
and unreacted monomers on the surface of the sponge, the 
sponge blocks were extracted in an ethyl acetate solvent for 
72 h. During extraction, ethyl acetate dissolved the oligomers 
and unreacted monomers and washed them away from the 
sponge surface. Subsequently, the sponge samples are ex- 
tracted and dried in an oven at 60°C. Drying at high temper- 
atures accelerated the volatilization of ethyl acetate and en- 
sured complete drying of the sponge. The drying continued 
until the weight of the sponge sample remained constant. 


2.3. Characterization 


An AVATAR 370 infrared spectrometer was used to an- 
alyze the structural characteristics of the functional groups 
of the modified sponges. By observing the infrared absorp- 
tion spectrum, we determined the chemical composition of 
the material and the presence of functional groups. The in- 
strument was operated at a resolution of 4 cm-l, a scan- 
ning range of 4000-600 cm-1, and 32 scans. In addition, a 
JSM-6700F FESEM scanning electron microscope was used. 
SEM images were used to observe the microstructural mor- 
phologies of the virgin and modified sponges. Images were 
captured by accelerating the voltage to 10-15 kV, and high- 
resolution images were used to study the surface morphology 
and pore structure of the sponges. A Thermogravimetric An- 
alyzer (TGA, TG 209) was used to determine the pure ME 
and modified sponges’ thermal stability. The heating rate was 
10°C/min under a nitrogen atmosphere up to 600°C. The ther- 
mal decomposition characteristics of the materials were eval- 
uated by measuring the mass changes in the samples during 
heating under the nitrogen atmosphere. A contact-angle tester 
from KSV Instruments Ltd. in Finland was used. The hy- 
drophilic and hydrophobic properties of the sponge surfaces 
were measured using 5uL deionized water droplets. The wet- 
ting properties of the materials were evaluated based on the 
contact angles of the water droplets on the sponge surfaces. 
X-ray spectroscopy (ESCALAB Xi+). An X-ray electron 
spectrometer (ESCALAB Xi+) was used to measure changes 
in the elemental content of the sponges before and after mod- 
ification. It was also used to determine the content and chem- 
ical status of the elements in the materials by analyzing the 
X-ray spectra of the samples. The experimental conditions 
were as follows. To measure the changes in the elemental 
content of the sponge before and after modification, we an- 
alyzed the X-ray spectra of the samples. This allowed the 
determination of the content of each element in the material 
and its chemical state. The experimental conditions were as 
follows: voltage, 8 kV; power, 30Mw; and test thickness, 3- 
10nm. An electronic universal testing machine (ETMS503B) 
was used to measure the ability of the sponge to recover under 
compression. The test was conducted by applying pressure at 


a speed of 10mm/min and measuring the stress-strain curve 
to assess the elasticity and deformability of the material. 

2.4. Determination of absorption capacity 

First, the mass of the ME-g-PLMA sponge was measured. 
The sponge was then immersed in an organic solvent and left 
until it fully absorbed the oil. The sponge was removed, 
and the organic solvent was immediately weighed to pre- 
vent reagent volatilization. The difference in the mass of the 
sponge before and after adsorption was recorded, and the ad- 
sorption capacity was calculated using the following formula: 


Q= Mı — Mo 

Mo 

Here, Q represents the oil absorption capacity of the sponge 
(g/g), and mı and mo represent the mass of the ME-g-PLMA 
sponge after oil absorption saturation (g) and the initial mass 
of the ME-g-PLMA sponge (g), respectively. 


HI. RESULTS AND DISCUSSION 


3.1 Synthesis and characterization of the ME-g-PLMA. 

The graft copolymers produced by the radiation method 
were easier to manipulate and control than those produced 
by conventional chemical methods. The process is simple 
and efficient, enables a one-step grafting reaction, and does 
not require additional initiators[36]. In this study, we used 
co-irradiated graft polymerization to prepare ME-g-PLMA 
sponges. First, we chose the monomer LMA and a commer- 
cially available ME sponge with high porosity as the reac- 
tants. Then, in the methanol solution, the irradiation gener- 
ated free radicals, and this polymerization reaction led to the 
formation of a rough layer of PLMA from LMA, which was 
stably loaded onto the sponge in the form of covalent bonds. 
Fig. 1 shows a schematic of the preparation process for the 
ME-g-PLMA sponges. 
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Fig. 1. The synthetic route of ME-g-PLMA. 


To investigate the effect of radiation grafting modification 
on the morphology of ME sponges, we observed changes in 
their morphological characteristics before and after modifi- 
cation using scanning electron microscopy (SEM). As seen 
in Fig. 2a and b, the unmodified sponges have a three- 
dimensional porous structure with pore diameters ranging 


from 80-210 um, a smooth surface, and low surface rough- 
ness. However, the sponges modified by radiation (Fig. 2c,d) 
maintained the porous structure of the original sponges and 
offered a large specific surface area with a high absorption 
capacity. The surface of the sponge was visibly roughened, 
and the entire skeleton was coated with a PLMA layer. The 
increased roughness can effectively decrease the contact area 
between the water droplets and the solid surface, which plays 
a significant role in the selective absorption of oil and water 
by the sponge [22]. To confirm the occurrence of the grafting 
reaction, pure ME and the ME-g-PLMA sponges were ana- 
lyzed using Fourier transform infrared spectroscopy (FTIR), 
and the results are shown in Figure 2e. It can be observed that 
a new absorption peak appears near 1730 cm-1 in the spec- 
trum of the modified ME sponge. This absorption peak corre- 
sponds to the telescopic vibrational absorption of the carbonyl 
group (C=O) in the LMA. In addition, the absorption peaks 
at 2854 cm~* and 2925 em~" correspond to the stretching 
vibrations of the -CH2 and -CH3 groups in the modified ME 
sponge, respectively[37]. The appearance of these peaks in- 
dicated that the LMA monomer was successfully grafted onto 
the surface of the ME sponge. In order to further investigate 
the thermal decomposition properties of the sponges before 
and after modification, thermogravimetric analysis (TGA) ex- 
periments were carried out, and the thermal decomposition 
processes of the pure and modified ME sponges in N2 atmo- 
sphere from 100 to 600°C were investigated, and the results 
are shown in Fig. 2f. A major mass loss of about 32.0 wt% 
occurred in the 372-406 °C temperature for the pristine ME 
sponge. This mass loss may be due to the breakdown of the 
methylene bridge. In contrast, for the ME-g-PLMA sponge, a 
significant mass loss of about 14.2 wt% can be observed be- 
tween 235-318 °C. This temperature range corresponds to the 
decomposition temperature of LMA homopolymers [38, 39]. 
In addition, the elemental content of the sponge before and 
after XPS characterized modification, as shown in Figure 2g. 
For the original ME, it can be seen that the ME sponge has 
three specific peaks at 284, 397, and 531 eV, which are at- 
tributed to the binding energies of C1 s, N1 s, and O1 s. The 
radiation-induced graft polymerization reaction decreases the 
intensity of the N1 s peak and increases the C1 s peak. There- 
fore, to identify the chemical composition of the sponge, the 
C1 (Figure 2h) and Ols (Figure 2 The 1) of the sponge was 
also measured using XPS. The Cl s XPS spectra of the ME- 
g-PLMA sponges were divided into four types of carbon: 
C — C/C — H (284.8 eV), Co — N(285.8 eV), N — C3 = N 
(287.3 eV), and O — C4 = O (288.6 eV)[40]. By analyzing 
the high-resolution O Is spectra, we observed three peaks, 
corresponding to O — C = O (531.7 eV), Og — C = O 
(533.34 eV), and O3 — O (532.4 eV)[41, 42]. These char- 
acteristic peaks suggest that these chemical bonds may have 
originated from the carbonyl groups in LMA. Thus, the above 
synthesis demonstrates the success of graft polymerization. 


3.2 Super hydrophobicity of ME-g-PLMA 


Owing to its hydrophilic functional amino group, porous 
structure, and smooth skeleton surface, the ME sponge ex- 
hibits excellent hydrophilicity (water contact angle 0°). 
However, by introducing a long-alkyl-chain LMA with a low 
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Fig. 2. SEM images of (a,b) ME, (c,d) ME-g-PLMA; (e)FTIR spectra of ME, ME-g-PLMA; (f)TGA curves of the ME and ME-g-PLMA 
under N2; (g)XPS spectra of ME, ME-g-PLMA; (h) Cls XPS spectra for ME-g-PLMA;(i) Ols XPS spectra for ME-g-PLMA. 


surface energy and through a radiation graft polymerization 
reaction, we successfully prepared the sponge material ME- 
g-PLMA, which exhibited excellent hydrophobicity and oil 
wettability. As shown in Fig. 3a, the modified sponge ME- 
g-PLMA exhibits hydrophobicity and floats on the water sur- 
face, whereas the pristine sponge sinks rapidly to the bottom 
of the beaker. When the ME-g-PLMA sponge was pressed 
into the water using an external force, a silver mirror-like 


phenomenon was observed around the ME-g-PLMA sponge 
(Fig. 3b)]. In contrast to the amphiphilic nature of the orig- 
inal ME sponge, the shapes of the water and oil droplets on 
the surface of the ME-g-PLMA sponge are shown in Fig. In 
Fig. 3c, we can see that the oil droplets are entirely im- 
mersed inside the sponge, whereas all the water droplets re- 
main spherical and roll off easily with a water contact angle 
of more than 150°. To further confirm graft modification in- 


Fig. 3. (a) Photographs of the original melamine sponge and the ME-g-PLMA sponge when they were placed in the beaker; (b) Photographs 
of the ME-g-PLMA sponge immersed in water by external force; (c) Stained water droplets and oil droplets on the surface of the ME-g-PLMA 
sponge;(d) Photograph of water droplets inside the ME-g-PLMA sponge; (e) Photograph of the dynamic test of water adhesion on the surface 
of the ME-g-PLMA sponge; (f) Photographs of the ME-g-PLMA sponge at the oil-water interface and when removed. 


side the sponge, we tested the water contact angle inside the 
sponge at 155°, which was also greater than 150° (Fig. 3 (d)). 
These results indicated that by introducing a long alkyl chain 
LMA and performing a radial graft polymerization reaction, 
we successfully modified the sponge’s external and internal 
surface properties to exhibit excellent hydrophobicity and oil 
wettability. Interestingly, when a water droplet was forced 
to make contact with and move across the sponge surface, 
it easily slid off the superhydrophobic sponge without leav- 
ing any residual droplets (Figure 3e). This is because of the 
extremely low water adhesion of the material and its porous 
structure. In addition, the prepared sponge exhibited no water 
adhesion in oil. As shown in Figure 3f, we placed the sponge 
before and after modification into an oil-water mixture ( cy- 
clohexane and oil red dye were added). Although the original 
sponge was lipophilic, it tended to be hydrophilic in oil and 
water. However, after removal, the original sponge absorbed 
much water, whereas the modified sponge absorbed only the 
top oil layer. 


In addition to the large water contact angle, the sponta- 
neous sliding property of the sponge surface is also important 
for oil-water separation. As shown in Fig. 4a, the hydrophilic 
CuS'O4-5H2O scattered on the ME-g-PLMA sponge was 
continuously carried away by the water droplets and formed a 
clean surface within 1 s. This is due to the superhydrophobic- 
ity of the sponge surface, which forms a high contact angle 
with the water droplets, allowing the water droplets to form 
a spherical shape on the sponge and quickly slide off. This 
spontaneous sliding property effectively removes impurities 
from the sponge surface and improves oil-water separation ef- 
ficiency. Various solid impurities in the environment may ad- 


here to the surface of the sponge, thus affecting the efficiency 
of oil-water separation. The spontaneous sliding property of 
the modified sponge effectively removed impurities from the 
sponge surface and maintained good separation performance. 
In addition, when other liquid droplets (e.g., tea, beverage, 
coffee, vinegar, soy sauce, etc.) are dropped onto the super- 
hydrophobic surface of the modified sponge (Fig. 4b), the 
droplets were repelled and rolled off the surface, which also 
exhibited a good separation effect. This further demonstrates 
the potential of the ME-g-PLMA sponge for oil-water sepa- 
ration applications. 


3.3. Durability 


Chemical stability is an important factor in characterizing 
the practical applications of ME-g-PLMA sponges in marine 
environments. To investigate the durability of ME-g-PLMA 
sponges, in this paper, experiments were performed using a 
water contact angle meter (Fig. 5a, the droplets of 1 M 
NaOH solution (orange-yellow staining), 3.5% NaCl solution 
(methyl-blue staining), 0.1 M HCl (oil-red staining) solution, 
and hot water (70 °C) are spherical on the surface of the mod- 
ified sponges. The water contact angles were 150°, 146°, 
147°, and 153°, all of which were greater than 145°, indi- 
cating good hydrophobicity. The change in the water contact 
angle of the sponge after immersion in a corrosive aqueous 
solution for 27h was also investigated. The water contact 
angle on the sponge surface was always greater than 140° 
(Fig. 5b), indicating that the modified sponge has good dura- 
bility and chemical stability in corrosive environments. In 
addition, the water contact angles of the water drops on the 
sponge at different pH values indicated good hydrophobicity 
(Fig. 5 (c)), and the water contact angles reached 150° and 


Fig. 4. red(a) Self-cleaning ability of C'uSO.4-5H2O on the surface of the ME-g-PLMA sponge; (b) Pictures of everyday liquids rolling 


down on the ME-g-PLMA sponge surface. 
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Fig. 5. (a)Pictures of droplets of 1 M NaOH, 3.5% NaCl, 0.1 M HCl, and hot water (70 °C) on the sponge surface; (b) water contact angles 
of ME-g-PLMA sponges after immersion in the solution for different times; (c) water contact angles of droplets of different pH values on the 


sponges. 


above. This verified that the radiation-modified ME-g-PLMA 
sponges had excellent chemical stability and maintained good 
hydrophobicity in harsh environments. In summary, the ME- 
g-PLMA sponges prepared by irradiation modification have 
excellent chemical stability and maintain good hydrophobic 
properties in harsh environments. This is of great significance 
for the practical application of the modified sponge in marine 
environments and provides a reliable basis for its application 
in oil-water separation, droplet separation, and other liquid 
treatment fields. 


We conducted a detailed analysis of their surface mor- 
phologies and structural characteristics to investigate further 


the morphological changes in the ME-g-PLMA sponges in 
different corrosion solutions. Our SEM observations revealed 
that the sponges exhibited internal partial dissolution in both 
acidic and alkaline corrosion solutions but not in the NaCl so- 
lution (Fig. 6a,c and 6b)]. The surface morphology of the 
modified sponges was affected to varying degrees in different 
corrosive environments. However, the internal structure of the 
modified sponge remained intact, and no fractures occurred. 
As shown in Figure 6 (d), we performed FTIR characteriza- 
tion of the material structure of the modified sponge. These 
results confirmed that the structural features of the ME-g- 
PLMA sponge remained unchanged. The tensile vibrational 


( 1 aa ġ 
na 1 —— 0.1M HCl 
1 3 50, 


$ 3.5% NaC 
1 — IMNON 


y~ 


E EE pee 


Transmittance (a.u.) 


3500 3000 2500 2000 1500 1000 


Wavenumber (cm) 


Fig. 6. (a) SEM image of ME-g-PLMA after immersion in 1 M 
NaOH solution for 27h; (b) SEM image of ME-g-PLMA after im- 
mersion in 3.5% NaCl solution for 27h; (c) SEM image of ME-g- 
PLMA after immersion in 0.1 M HCI solution for 27h; (d) Infrared 
characterization of the immersed sponge. 


peak positions of the carbonyl groups C=O, -CH2, and -CH3 
inside the sponge did not change significantly. This indicates 
that the structural features of the sponge remained stable in 
different corrosion solutions. 

3.4. The superoleophilicity of the ME-g-PLMA 

Superhydrophobic ME-g-PLMA sponges were prepared 
using high-energy rays to initiate graft polymerization of 
LMA, which was stably attached to the melamine sponges. 
Modifying the original ME sponges into superhydrophobic 
sponges without affecting their lipophilic properties is of 
great significance in oil-water separation. The ability of the 
modified sponge to separate oil and water can be observed 
in 7a and b, which show oil-red-stained carbon tetrachloride 
and pump oil, respectively. Owing to its higher density, the 
dyed carbon tetrachloride sank to the bottom of the water, 
whereas the sponge quickly adsorbed it when forced into the 
water by an external force. The dyed pump oil floats on the 
water surface, and the sponge quickly absorbs it when placed 
at the oil-water interface. Mechanical squeezing easily re- 
moved the adsorbed pump oil. The experiment demonstrated 
that the modified ME-g-PLMA maintained good hydropho- 
bicity and lipophilicity both above and below the water sur- 
face and could efficiently adsorb oil from above and below 
the water surface. This is a valuable application for achiev- 
ing effective oil-water separation. In addition, the adsorp- 
tion performance of the sponge for different organic reagents 
and the organic reagents, including hexane, petroleum ether, 
ethanol, ethyl acetate, dichloromethane, carbon tetrachloride, 
and oils, was investigated. As shown in Fig. 7c, the adsorp- 
tion capacity of all organic reagents was more than 60 times 
higher, and the adsorption capacity of the sponge was pos- 
itively correlated with the density of the organic reagents, 
with the highest adsorption capacity of carbon tetrachloride, 
which had the highest density of 168 g/g. Figure 7 (d) shows 
that the adsorption capacity of the sponge for various oils 


was 81-116 times higher than that of a single sponge. The 
sponge also demonstrated a good adsorption capacity. Specif- 
ically, the adsorption capacity was 99.4 g/g for edible oil, 82.5 
g/g for kerosene, 91.2 g/g for diesel, 81 g/g for pump oil, 
116.8 g/g for silicone oil, 107.8 g/g for castor oil, 94.9 g/g 
for olive oil, and 101.9 g/g for tung oil. This was higher 
than those of similar melamine-modified MF/PPy sponges 
[43], m-CNT/PPy@MS sponges [44] and MSMS[17], and 
the maximum adsorption capacity for different oils ranged 
from 32 to 97 g/g. This excellent adsorption capacity was 
attributed to the sponges’ highly porous structure and low 
density. The porous structure of the sponge offers a signif- 
icant adsorption surface area, and its low density enables it to 
absorb considerable amounts of organic reagents and oil. 


The recoverability and reusability of superhydrophobic 
sponges are crucial for practical applications in oil-water sep- 
aration. Figure 8 (a) shows that cyclohexane was recov- 
ered through distillation drying, and the sponge maintained 
its original adsorption rate even after 10 cycles, reaching 
85.6 g/g. This demonstrated the sponge’s excellent recovery 
performance. Compared with mechanical extrusion, distilla- 
tion drying does not cause significant damage to the porous 
structure of the manufactured sponge [45]. However, this 
relatively inefficient recovery form may require additional 
time and energy. In contrast, the absorption of cyclohex- 
ane via ME-g-PLMA sponge extrusion in Figure 8b is more 
convenient and environmentally friendly. This adsorption- 
desorption process is similar to modified sponges such as 
Fe304/PDMS @ MF[21] and ME/PDA/DT[43]. The adsorp- 
tion capacity of the modified sponge decreased slightly after 
undergoing 10 mechanical extrusion recycling cycles but still 
reached 77.1 of its original capacity. This recovery method 
is more efficient, allows for better control over the amount of 
oil recovered, and minimizes waste. Although the extrusion 
method did not wholly extrude all the adsorbed cyclohexane, 
leaving approximately 10.1 g/g of organic reagent, it was still 
more efficient than the distillation recovery method. In addi- 
tion, Figure 8 (c) illustrates the minimal change in the water 
contact angle of the sponge after 10 cycles of cyclohexane re- 
cycling. The results demonstrated that the modified sponge 
maintained excellent adsorption performance and reusability 
with a water contact angle of over 140°. The results demon- 
strate that the modified sponge exhibits exceptional adsorp- 
tion performance and reusability, which are crucial for the 
long-term stabilization of the oil-water separation process and 
the durability of its superhydrophobic properties. It is worth 
noting, however, that the adsorption performance of the mod- 
ified sponge decreases after several cycles of compression to 
absorb oil. Multiple compressions led to a loss of the mechan- 
ical properties of the sponge, which affected its adsorption 
capacity. The sponge model shown in Fig. 8 can withstand 
compression and easily return to its original state after the 
compression release. The grafted sponge underwent a signif- 
icant deformation of 50%-90% (Fig. 8 (e)), demonstrating 
excellent recovery performance. Additionally, the superhy- 
drophobicity of the sponge was maintained even after 100 
compression cycles (Fig. 8f) and exhibited a compressible 
recovery ability. Compared to the PU-modified sponges, they 
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Fig. 7. (a) Picture of sponge absorbing carbon tetrachloride underwater (b) Picture of sponge absorbing pump oil on water (c) Relationship 
between the ability of sponge to adsorb organic reagents and its density. (d) The ability of sponge to adsorb different oils. 
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at a large £ of 80%. 


recovered their original shapes immediately after the pres- 
sure was released, exhibiting almost no plastic deformation 
[46, 47]. The ME-modified sponges, on the other hand, were 
unable to return to their initial state fully and had a higher 
oil absorption capacity than other reported superhydrophobic 
PU sponges, with a maximum absorption capacity for vari- 
ous oils ranging from 10-60 g/g [20, 48, 49]. Moreover, the 
compression performance of the modified sponge was signif- 
icantly better than that of compressible gel oil-absorbing ma- 
terials, which could only be extruded to a £ of 50% [5]. There- 
fore, the modified sponge remained a reliable and long-lasting 
material suitable for multiple uses and recycling. In sum- 
mary, the recoverability and reusability of superhydrophobic 
sponges are crucial for advancing oil-water separation tech- 
nology. 


3.5. Oil/water separation application of the ME-g- 


PLMA 


Although hydrophobic sponges can adsorb oil at a high 
rate, static oil-water separation is time-consuming and inef- 
ficient and is not suitable for the separation of oily contam- 
inants; therefore, a device that drives a pump was used to 
assist the sponge in achieving continuous separation of oil 
and water. The continuous separation process is shown in 
Figure 9a, where low-density cyclohexane (stained with oil 
red) was poured onto the water surface, a latex tube was in- 
serted into the modified sponge, the other end of the latex 
tube was inserted into the bottle where the oil was collected, 
and another tube was connected to the drive pump. Once 
the sponge accessed the surface of the oil-water mixture, it 
rapidly absorbed cyclohexane, turning the pump switch on 
and off, and the cyclohexane was continuously absorbed by 
the sponge and flowed through the tubing into the collection 


Fig. 9. (a) Device for continuous separation of hexane-water mixtures. (b) Gravity-driven separation of methylene chloride-water mixtures. 


bottle. Eventually, the entire oil layer of the mixture was re- 
moved, leaving only the water. The average separation flow 
rate was 7.5mL/s, which significantly improved the efficiency 
of oil-water separation and reduced the time required. The 
oil-water separation of light oil can be easily realized through 
the combination of a hydrophobic sponge and a pump. How- 
ever, it is challenging to produce heavy oils underwater. We 
built a gravity-driven device in the second experiment (Fig. 
9b). Water was stained by methyl blue, and dichloromethane 
was stained by oil red, and when its oil-water mixture was 
poured into the filtering device, due to the hydrophobicity 
and lipophilicity of the modified sponge, the carbon dichlo- 
ride would pass through the ME-g-PLMA directly, while the 
blue water was blocked in the neck portion on the funnel. 
This phenomenon demonstrates that the modified sponge can 
separate oil and water mixtures by a gravity drive only, and 
even a small piece of the ME-g-PLMA sponge can separate 
a large amount of methylene chloride, which has the advan- 
tages of easy operation, low cost, low energy consumption, 
and high efficiency. It is worth mentioning that the gravity- 
driven device was tested ten times for oil-water separation, 
and its excellent separation performance was still guaran- 
teed. Compared to two-dimensional hydrophilic membrane 
materials[50], which can only separate light oil from water, 
our three-dimensional sponge structures have superior design 
capabilities and can continuously separate light oil from wa- 


[1] G.M. King, J.E. Kostka, T.C. Hazen, et al. Microbial Responses 
to the Deepwater Horizon Oil Spill: From Coastal Wetlands to 
the Deep Sea. Annual Review of Marine Science 7, 377-401 
(2015). doi: 10.1146/annurev-marine-010814-015543 

[2] Revisit of a Case Study of Spilled Oil Slicks Caused by the 
Sanchi Accident (2018) in the East China Sea. J. Mar. Sci. Eng. 
9, 279 (2021). doi: 10.3390/jmse9030279 

[3] B. Wang, W. Liang, Z. Guo, et al. Biomimetic super-lyophobic 
and super-lyophilic materials applied for oil/water separation: 
A new strategy beyond nature. Chem. Soc. Rev. 44, 336-61 
(2014). doi:10.1039/C4CS00220B 


ter and heavy oil from water. 


IV. CONCLUSION 


In summary, a superhydrophobic and lipophilic sponge 
was successfully prepared by grafting LMA onto a melamine 
sponge in one step through a simple co-irradiation method, 
and its larger void structure was retained compared with the 
original sponge, enabling it to adsorb up to 66-168 times its 
weight with high adsorption capacity, excellent reusability, 
self-cleaning performance, and still maintain very good hy- 
drophobic performance, and good chemical resistance. The 
combination of a hydrophobic sponge and pump can easily 
realize the oil-water separation of light oil and improve the 
efficiency of oil-water separation, which can be widely used 
in the actual process. 
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